Background
==========

Respiratory distress marked by acute lung injury (ALI), or its more severe form, acute respiratory distress syndrome (ARDS), is a significant health problem worldwide. In the United States, the annual incidence of ALI and ARDS together is thought to be about 75 per 100,000 population \[[@B1]\], with the incidence of ARDS alone probably exceeding 100,000 cases per year. The mortality rates reported for ARDS are highly variable, ranging from as low as 10 to as high as 90 percent \[[@B2]\], owing at least in part to the \"lack of a uniform definition and the heterogeneity of the causes and clinical manifestations\" of the syndrome \[[@B1]\]. Such uncertainty has hampered efforts to identify patients at risk for developing ARDS, and subsequently, for the development of more successful therapeutic interventions. It has been suggested \[[@B3]\] that \"ARDS\" probably encompasses several distinct states, each of which results from a different initiating event, but all of which eventually are expressed as the common respiratory distress sequelae.

We have identified a subset of postmortem ARDS cases based on consistent morphological features at both the gross and microscopic levels. A defining feature of this cohort is the presence, within the alveoli and terminal air spaces, or adherent to the alveolar linings, of ordered molecular aggregates which we termed \"elastin-staining laminar structures\" (ELS), because they stain positively using the Verhoeff-Van Gieson technique for elastic fibers. In an earlier report \[[@B4]\], we described preliminary experiments to characterize the ELS *in vitro*. Because isolated ELS were found to be protease-resistant, fibrillar aggregates *in vitro*, we asked whether they might contain amyloid *in situ*. Here, we describe ultrastructural features of the ELS *in situ*, and in addition, show that the ELS from several different postmortem cases exhibit green birefringence after staining with Congo red, a characteristic of amyloid. Thus, we suggest that cases of respiratory distress exhibiting the ELS represent a morphologically definable subclass of ARDS, and hypothesize that the pulmonary accumulation of ELS might represent a new type of conformational disease.

Methods
=======

Selection and description of cases
----------------------------------

All materials used were obtained from autopsies performed at the Central Arkansas Veterans Healthcare System (CAVHS), within 8 hours of death, using standard postmortem examination procedures. All autopsies were done with legally signed permits, and all privacy acts regulations were followed. The study was entirely retrospective; no sequential or kinetic measurements were made. All patients with respiratory distress had received standard hospital respiratory care, which included mechanical-assisted ventilation where clinically appropriate.

We first screened for the presence of the ELS by examining sections from each lobe of the post-mortem lungs as described below. In this study, the ELS were found in 30 different cases from about 100 total cases screened: all 30 ELS cases either showed acute lung injury, or satisfied the clinical criteria for ARDS (using the criteria established by the 1992 American-European Consensus Conference on ARDS \[[@B2]\], i.e., PaO~2~:FiO~2~ \< 200 mm Hg, and bilateral infiltrates on frontal chest radiographs), but otherwise constituted a heterogeneous group with respect to underlying clinical diseases.

Cases that did not demonstrate the ELS included, for example, various types of pneumonia and interstitial pneumonitis, ranging from bronchopneumonia, lung abscess, and bronchiolitis obliterans organizing pneumonia (BOOP), and lungs with idiopathic or established pulmonary interstitial fibroses when these cases did not present clinical evidence of ARDS.

Specimen preparation, specific staining, and microscopy
-------------------------------------------------------

The formalin fixed postmortem lung tissues were processed using routine procedures, initially stained with H&E, and then examined microscopically. Those sections that showed hyaline membrane-like components were then stained for elastic fibers, using the Verhoeff-Van Gieson technique \[[@B5]\]. Lung sections from all 30 ELS cases described above were then stained with Congo red, using the alcoholic, high-salt procedure of Puchtler et al \[[@B6]\], as described by Lillie and Fullmer \[[@B5]\], and examined under polarized light using a Leitz microscope. Selected tissues also were processed for EM, in order to examine the ELS at the ultrastructural level. Routine transmitting EM was performed as follows. The tissue was initially fixed in 4% gluteraldehyde and processed with the standard Osmium tetroxide, ethanol gradient, propylene oxide and then embedded in Epon resin before sectioning. The grids were stained with uranyl acetate and lead, and then examined using a Joel model JEM-110 transmitting electron microscope.

Results
=======

Postmortem lungs from the ELS cohort of ARDS cases display a relatively well preserved anatomical lung structure. Tissue sections stained by H & E and viewed with the light microscope show hyaline membrane-like structures that often adhere to the alveolar septi, and occasionally are seen in the terminal air spaces, similar to those originally reported by Ashbaugh et al \[[@B7]\]. However, after staining by the Verhoeff\'s Van Gieson elastin method, the pathognomonic ELS are demonstrated: they present mostly as ordered, laminar structures of varying thickness, separated by non-staining proteinaceous inserts (Figure [1](#F1){ref-type="fig"}). Notably, the structurally-definable ELS corresponded anatomically to portions of what appeared to be hyaline-like material in the H&E sections. In general, postmortem lungs showing the ELS: 1) displayed no significant acute inflammatory cellular exudates such as neutrophils, that were previously described as being an essential component for ARDS \[[@B8]\]; and 2) showed no evidence of preexisting interstitual fibrosis or of fibroblastic proliferation. Moreover, about one-half of the ELS cases exhibited no evidence of significant edema, except for focal intra-alveolar hemorrhage.

![Representative photomicrograph of a Verhoeff-Van Gieson elastin stained postmortem lung from a patient who died after acute respiratory distress. Elastin-staining laminar structures (ELS) are prominently featured. Some of the ELS are partially attached to the alveolar septa. Inflammatory cellular exudates are essentially absent in the alveoli of terminal respiratory spaces. (200×)](1471-2466-2-5-1){#F1}

EM examination of postmortem lung tissue containing the ELS reveals distinct abnormalities, and dramatically illustrates the appearance ELS *in situ* (Figure [2](#F2){ref-type="fig"}). Again, the ELS exhibit a distinctly laminar and ordered structure, with a fibril-like appearance at the edges. Little evidence is seen of the amorphous component of elastic fibers, which in normal, mature elastic tissue can constitute up to 90 percent of the fiber content \[[@B9]\]. Thus, while morphologically intact constitutional alveolar septum collagen fibrils are seen, without evidence of alternation of the banding periodicity, morphologically normal septum constitutional elastin fibers are not demonstrable. Several ELS showing rigid, seemingly broken, ends are noted within the alveolar septum, and bordered by alveolar air spaces and the epithelium cytoplasmic membrane. However, capillaries within the septum appear morphologically normal, and RBCs are still confined within the capillary lumen (Figure [2](#F2){ref-type="fig"}).

![EM morphology of the postmortem ELS lung (the same case as shown in Figure [1](#F1){ref-type="fig"}). The ELS are seen within the alveolar septum bordered by the basement membrane of the alveolar space on each side. The EM image dramatically demonstrates the *in situ* nature of the ELS: 1 = ELS; 2 = alveolar space; 3 = erythrocyte; 4 = basement membrane; 5 = endothelial cell nucleus; 6 = endothelial cell plasma membrane; 7 = capillary plasma; 8 = collagen fibers. (50,000×)](1471-2466-2-5-2){#F2}

Three cases (among the ELS cohort of 30 cases) displayed ELS-associated apple-green birefringence after Congo red staining; Figure [3](#F3){ref-type="fig"} shows an example, taken from the same case (case \#2 below) as the tissue used for the EM photomicrograph (Figure [2](#F2){ref-type="fig"}). The three cases comprised a heterogeneous group, including septic shock secondary to peritonitis (acute diverticulitis with perforation); malignant trauma (lymphoma); and trauma associated with major surgery (acute cerebral hemorrhage). In these three cases, green birefringence after Congo red staining was not observed in other tissues, with the exception of an occasional positive muscular arterial wall (case \#1), and the heart and kidney (case \#2).

![Photomicrograph of Congo red-stained lung tissue of the same case as shown in Figure [1](#F1){ref-type="fig"}, viewed under cross-polarized light. Apple green birefringence is amply demonstrated in the ELS structures. (100×).](1471-2466-2-5-3){#F3}

Discussion
==========

Apple green birefringence of amyloid deposits stained with Congo red and examined using polarized light \"remains the gold standard\" \[[@B10]\] for the diagnosis of amyloid fibrils *in vivo*, and is thought to be due to two main factors \[[@B11]\]: 1) a parallel arrangement of dye molecules in the sample, and 2) a thickness of the stained sample that will result in extinction of the red component of the light with appearance of the apple green color. Thus, the appearance of green birefringence with Congo red confirms the presence of ordered, amyloid-like structures in these cases of ARDS. The reason why only three of the 30 ELS cases exhibited green birefringence with Congo red cannot be explained at this time, because the molecular composition of the ELS remains unknown. We see no apparent structural differences in those ELS that are Congo red birefringence-positive and those that are birefringence-negative, at either the light or electron microscope levels. Studies by others suggest that factors in addition to stained sample thickness may affect Congo red birefringence, including morphological differences in the amyloid fibrils themselves \[[@B12],[@B13]\], and the presence of non-fibril components such as additional polypeptides and carbohydrate \[[@B14]\]. The three cases that showed birefringence with Congo red in this study were also examined and found positive for amyloid using two other procedures: 1) fluorescence with thioflavin T, and 2) reaction with antiserum to the amyloid P component (AP) glycoprotein (data not shown).

Currently about 20 different proteins have been associated with amyloid deposits *in vivo* in humans \[[@B14],[@B15]\]. Several earlier reports noted an association of structures that both stained positive with the Verhoeff-van Gieson procedure, and exhibited characteristics of amyloid of undetermined origin in pathological conditions in the cornea \[[@B16],[@B17]\] and skin \[[@B18]\]. The suggestion was made that \"the amyloid-like filaments actually represented microfibrils of elastic tissue\"\[[@B18]\]; however, that hypothesis has not been confirmed to our knowledge. Likewise, we are unaware of any prior reports of the appearance of ordered molecular aggregates that stain positively for both amyloid and elastin in cases of acute lung injury.

Altered or aberrant protein folding leading to aggregation has been suggested as the molecular basis of an increasing number of human diseases \[[@B19]-[@B21]\], now referred to as \"conformational diseases\" \[[@B22]\] or \"proteopathies\"\[[@B23]\], in order to distinguish them by pathological criteria from inflammatory, degenerative, or neoplastic diseases. In the present study, the amyloid tests and staining with the Verhoeff-Van Gieson technique both showed the ELS to be ordered molecular aggregates. The histochemical evidence further suggests that normal elastic fibers underwent substantial structural changes, and became part of the observed ELS seen in these postmortem ARDS lungs. The involvement of elastic fibers in structural changes in ARDS lungs is not unprecedented. For example, fragments of elastin have been detected in the levage of ARDS patients \[[@B3]\], and Negri et al \[[@B24]\] showed evidence of significant elastic fiber remodeling in fibroproliferative ARDS lungs.

Elastic fiber restructuring is consistent with two clinical manifestations of ARDS observed in the ELS cohort of individuals, namely severe hypoxemia (PaO~2~:FiO~2~ \< 200 mm Hg), and rapid progression of clinical symptoms in spite of little evidence of acute or specific chronic inflammation, or widespread edema. First, elastic fibers constitute an important component of the alveolar interstitium, where they are thought to be responsible for the ability of the lung tissue to stretch and recoil \[[@B25]\]. The EM morphology suggests that: (1) the free ELS in the alveolar air spaces could result from mechanical disruption of the septum-lining basement membrane by the rigid ELS, whose ends appear sharp and broken; and (2) the structural changes observed, evidently associated with formation of the ELS aggregates, constitute the major pathological changes in that lung tissue. Disruption of the normal structure of the elastic fibers (such as their apparent fragmentation and aggregation into the ELS as seen here) would be expected to result in severe mechanical malfunction of the lung (decreased compliance) together with a reduced capability for normal gas exchange. Secondly, the ELS were only observed in those cases of clinical ARDS characterized by a rapidly developing respiratory failure; this observation suggests an acute, episodic form of conformational disease, similar to that described for severe episodic thrombosis initiated by fever \[[@B26]\]. As yet, the stimuli responsible for ELS formation in ARDS have not been identified.

In most lungs that show the ELS, we do not observe either the presence of substantial numbers of inflammatory cells or accumulations of fibrotic materials. While we can not rule out a role for soluble mediators in the structural changes observed, large numbers of inflammatory cells or fibroblasts do not appear necessary for ELS formation. Nor do these factors appear sufficient, because lungs that show any or all of these markers often do not exhibit the ELS. Thus, the ELS always are associated with respiratory failure; however, respiratory failure is not a predictor of the presence of the ELS. We propose that the ELS define a structure-based subgroup of ARDS cases, that may share a common etiology. If the conformational disease hypothesis for the ELS cohort of ARDS cases is confirmed, subsequent efforts may then be directed to develop more rational diagnostic and therapeutic procedures for these patients. A recent report summarizes the prospects for therapeutic intervention in cases of conformational disease \[[@B27]\].
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